Background and Objective: Transcranial laser stimulation of the brain with near-infrared light is a novel form of non-invasive photobiomodulation or low-level laser therapy (LLLT) that has shown therapeutic potential in a variety of neurological and psychological conditions. Understanding of its neurophysiological effects is essential for mechanistic study and treatment evaluation. This study investigated how transcranial laser stimulation influences cerebral hemodynamics and oxygenation in the human brain in vivo using functional near-infrared spectroscopy (fNIRS). Materials and Methods: Two separate experiments were conducted in which 1,064-nm laser stimulation was administered at (1) the center and (2) the right side of the forehead, respectively. The laser emitted at a power of 3.4 W and in an area of 13.6 cm 2 , corresponding to 0.25 W/cm 2 irradiance. Stimulation duration was 10 minutes. Nine healthy male and female human participants of any ethnic background, in an age range of 18-40 years old were included in each experiment. 
INTRODUCTION
Photobiomodulation uses low-power, high-fluence light from lasers or LEDs in the red to near-infrared range (620-1,100 nm) to modulate mitochondrial respiration in a nondestructive and non-thermal manner [1, 2] . Transcranial laser stimulation of the brain with near-infrared light is a novel form of photobiomodulation, also known as low-level light (laser) therapy (LLLT) when applied to patients [1] [2] [3] . In recent years, transcranial laser stimulation has gained attention for its therapeutic potential in a variety of neurological and psychological conditions. It has been shown to be effective for treating ischemic stroke patients in a few controlled clinical trials [3, 4] . Two studies by Naeser et al. reported that daily use of near-infrared light to the forehead improved cognitive functions in patients with chronic traumatic brain injuries [5, 6] . Schiffer et al. also found that a single near-infrared light treatment to the forehead using LEDs could have psychological benefits in ten patients with major depression and anxiety [7] . Stimulating with the same 0.25 W/cm 2 irradiance as Schiffer et al. [7] , but using a laser with a longer wavelength (1,064 nm), Barrett and Gonzalez-Lima conducted the first controlled study in 40 healthy human participants and demonstrated that transcranial laser stimulation improves cognitive and emotional functions [8] . A subsequent controlled study by Blanco et al. [9] also demonstrated that transcranial laser stimulation with 0.25 W/cm 2 irradiance and 1,064-nm laser improves executive functions in healthy human participants.
The mechanism of action of near-infrared light rests on photon absorption by cytochrome oxidase [10] , which is the terminal enzyme in the mitochondrial respiratory chain that plays a key role in cerebral oxygen utilization for energy metabolism [1, 2] . The more the activity of cytochrome oxidase increases, the more oxygen consumption and metabolic energy is produced via mitochondrial oxidative phosphorylation [11] . This photonics-bioenergetics mechanism results in metabolic and hemodynamic alterations in the brain that facilitate both neuroprotection and cognitive enhancement [12, 13] . In 2012, Rojas et al. [14] were the first to report that near-infrared light increased oxygen consumption in the rat prefrontal cortex in vivo. However, most of the human studies have evaluated the effects of low-level laser therapy by observing the changes in behavioral and psychological measures and postulating the underlying neurophysiological mechanism that causes them. To date, only the study by Schiffer et al. [7] has looked at the effects of near-infrared LEDs on human cerebral hemodynamics by measuring the total hemoglobin changes with a cerebral oximeter.
Functional near-infrared spectroscopy (fNIRS) [15, 16] is an emerging neuroimaging technology that measures the changes in cerebral hemodynamics and oxygenation related to neuronal activities. Because both fNIRS and transcranial laser stimulation use light in the near-infrared range, they share similar optical pathways through the tissues. Thus, fNIRS is a suitable tool for in vivo mechanistic study of transcranial laser stimulation. Furthermore, both transcranial laser stimulation and fNIRS are safe, compact and easy to implement. A combination of these two non-invasive, near-infrared technologies can potentially provide an effective treatment-with-imaging approach for neurological and psychological applications.
The present study used fNIRS to quantitatively assess the neurophysiological effects of a single transcranial laser stimulation session on healthy human participants. The irradiance of the 1,064-nm laser was 0.25 W/cm 2 , same as that used by Schiffer et al. [7] , Barrett and GonzalezLima [8] and Blanco et al. [9] . A portable fNIRS system was used to measure the changes in hemoglobin concentrations at the bilateral prefrontal cortices during and shortly after the laser stimulation.
MATERIALS AND METHODS

Participants
Healthy human participants of either sex, any ethnic background and in an age range of 18-40 years old were recruited from the local community of the University of Texas at Arlington. Interested individuals were screened by one of the investigators to determine whether they were eligible for the study. The exclusion criteria included: (i) being diagnosed with a psychiatric disorder, (ii) having history of a neurological condition, history of severe brain injury, history of violent behavior, (iii) ever being institutionalized/imprisoned, (iv) currently taking any medicine or currently pregnant. Eligible participants were scheduled for two separate experiments, which would be at least two weeks apart to reduce the chance of carryover effects from experiment I to experiment II.
Informed consent was obtained prior to each experiment. The experimental protocol was approved by the University of Texas at Arlington's Institutional Review Board (IRB). All of the guidelines and regulations were followed during the experiments.
Instruments
Single-session transcranial laser stimulation was administered with a continuous-wave, 1,064-nm laser (Model CG-5000 Laser, Cell Gen Therapeutics LLC, Dallas, TX). This laser is FDA-cleared for various uses on humans such as relief of muscle and joint pain. It has a hand-held aperture with a button on the handle to open and shut the laser beam. The diameter of the aperture to deliver the laser beam is 4.16 cm. The laser was operated at a constant power of 3.4 W. Thus, the irradiance (or power density) in the 13.6-cm 2 beam area was 3.4 W/13.6 cm 2 ¼ 0.25 W/cm 2 , which was the same as that used in previous studies [8, 9] . At this irradiance, the laser caused negligible heat and no physical damage. Exposure to the laser was not deemed harmful to the tissues.
A portable, continuous-wave fNIRS system (CW-2, TechEn Inc., Milford, MA) was used to measure the cerebral hemodynamic changes induced by the laser stimulation. This system has two pairs of lasers as light sources, each pair having 690 nm and 830 nm light, and four avalanche photo-diodes (APDs) as detectors. The lasers are amplitude-modulated at the kHz range to reduce optical interference from ambient light. The data sampling rate is 200 Hz. Low-weight optical fibers were used to transmit the light between the instrument and the participants' heads. The four fibers from the light sources were merged into two source optodes for this study.
Experiments
Two experiments were conducted separately to study the cerebral hemodynamic responses to the laser stimulation, by following the same stimulation paradigm [8, 9] . Laser stimulation was applied to the center of the forehead, aimed at the medial frontal lobes bilaterally (Fig. 1A) in the first experiment. Laser stimulation was applied to the right side of the forehead, aimed at the right lateral frontal lobe (Fig. 1B) in the second experiment, as previously done to improve prefrontal functions [8] . In each experiment, an fNIRS probe was placed bilaterally and symmetrically on the participants' foreheads (Figs. 1A and B) and was held in place with Velcro strips. The probe consisted of two source optodes and two detector optodes, which provided two measurement channels, one channel per cerebral hemisphere (Figs. 1A and B). The source-detector separation was 3.5 cm for each channel. After the probe was in place, the participants were instructed to sit stably on a chair. After 1-minute baseline readings of fNIRS were taken, the transcranial laser stimulation was administered. The stimulation session was divided into 10 oneminute cycles, 55-second stimulation laser on and 5-second stimulation laser off per cycle (Fig. 2) . Hence radiant exposure (or energy density) was 0.25 W/cm 2 Â 55 sec ¼ 13.75 J/cm 2 per cycle of stimulation. During each cycle, an experimenter held the CG-5000 aperture closely towards the participants' foreheads and pressed the button to shine the laser beam. Then a timer of 55 seconds on the frontal panel of the CG-5000 apparatus started to count down and the laser beam was automatically shut at the end. A beep was also given by the apparatus when the laser beam was shut. Then the experimenter waited for 5 seconds before starting the next cycle. After all of the 10 stimulation cycles were completed, the participants were asked to keep still for another 6 minutes while the fNIRS readings were continuously taken. Thus, the total data acquisition time of fNIRS was 17 minutes by including the 1-minute baseline, 10-minute transcranial laser stimulation, and 6-minute recovery (Fig. 2) . Both experiments were conducted in a locked room with no reflective surfaces. A warning sign was hung on the outer door, indicating that the laser was in use. During the experiments, 1,064-nm protective eyewear was worn by all individuals present in the room. In addition, the participants were instructed to keep their eyes closed during laser stimulation.
Data Processing
All of the fNIRS data were processed in MATLAB. The raw data from each participant was first visually inspected for significant discontinuities and interference. Because the stimulation laser from the CG-5000 had a much higher power (¼3.4 W) than the light sources in CW-2 ($10 mW), the data acquired during the 55-second stimulation periods suffered from significant light interference (see the subgraph of Fig. 2 ) and had to be discarded. Alternatively, the data during each 5-second intercycle interval was selected and averaged to represent the corresponding stimulation cycle. The data during the initial baseline and post-stimulation recovery were also averaged at a step of 1 minute. In this way, a total of 17 averaged data points were derived from the raw data of each participant. These data points were then used to calculate the changes of oxygenated hemoglobin concentration (D[HbO 2 ]) and deoxygenated hemoglobin concentration (D[Hb]) relative to the initial baseline based on the modified Beer-Lambert Law [17] . In this step, the differential pathlength factor (DPF) was 6.8 at 690 nm and 5.8 at 830 nm [18] . 
Statistical Analysis
For each experiment, the statistical analysis of results was conducted in two ways. First, one-sample t-tests were used to examine the significance of hemodynamic changes from each channel. The results from these tests would show if the single-session transcranial laser stimulation induced any type of cerebral hemodynamic change as compared to the baseline (zero). Second, paired t-tests were used to examine the significance of differences between two measurement channels. The results from these tests would show if there was any regional difference (right vs. left hemisphere) in laser-stimulated cerebral hemodynamic changes. A significance level of P < 0.01 was applied in both analyses.
RESULTS
Nine participants (five males and four females, age ¼ 24.7 AE 5.3 years) were successfully measured in the first experiment. Nine participants (five males and four females, age ¼ 24.6 AE 5.6 years) were successfully measured in the second experiment; six of them had participated in the first experiment previously. For those who participated in both experiments, the two experiments were spaced at least two weeks apart. There was no significant difference in gender and age between the two groups of participants.
In both experiments, transcranial laser stimulation induced an increase of oxygenated hemoglobin concentration and a decrease of deoxygenated hemoglobin concentration from the baseline in both cerebral hemispheres (Figs. 3 and 4) . The total hemoglobin concentration remained nearly unchanged in most cases (Figs. 3 and 4) . The differential hemoglobin concentration demonstrated a robust increase associated with the laser stimulation (Figs. 3 and 4) , which was statistically significant in all the cases (Table 1) . Notably, all of the hemodynamic changes were sustained during the 6-minute recovery, indicating the effects of transcranial laser stimulation persisted even after the laser was turned off.
In both experiments, the right and left prefrontal cortices showed approximately the same amplitudes in hemodynamic changes. Particularly for the second experiment, although the laser stimulation was administered on the right side, the hemodynamic changes induced by transcranial laser stimulation did not show any significant difference between the right and left hemispheres.
DISCUSSION AND CONCLUSION
Previous human studies have reported that nearinfrared light benefited the neuropsychological status of patients with stroke [3, 4] , depression [7] , and brain trauma [4, 10] . In particular, placebo-controlled studies of transcranial laser stimulation, with the same laser device and stimulation parameters as those used in this study, improved cognitive and executive brain functions in healthy human participants [8, 9] . Despite these promising case studies and clinical trials, however, there was still a lack of understanding of the neurophysiological mechanism in vivo of transcranial laser stimulation. In this study, we aimed to determine if transcranial laser stimulation alters the cerebral hemodynamic status in healthy human adults. We used fNIRS as a measurement tool because it has similar optical pathways through the tissues to transcranial laser stimulation. Four variables, namely the changes in oxygenated, deoxygenated, total and differential hemoglobin concentrations, were quantified to comprehensively describe the cerebral hemodynamics changes during and shortly after a single transcranial laser stimulation session that was aimed at two different locations of the frontal lobe.
Our results showed that the transcranial laser stimulation induced reliable hemodynamic changes in the bilateral prefrontal cortices. We observed a slight and non-significant increase of total hemoglobin concentration. This observation is consistent with a previous study that used the same irradiance of stimulation light [7] . We also observed an increase of oxygenated hemoglobin concentration and a decrease of deoxygenated hemoglobin concentration, which together led to a significant increase of differential hemoglobin concentration in all the cases (two stimulation locations Â two cerebral hemispheres). Because the total hemoglobin concentration was relatively unchanged in general, we believe the significant increase of differential hemoglobin concentration indicates that transcranial laser stimulation elevated the tissue oxygenation saturation in the bilateral prefrontal cortices. This conclusion is consistent with a previous animal study showing a direct increase in oxygen consumption measured invasively with an oxygen probe inside the rat prefrontal cortex during near-infrared light stimulation [14] . This light-stimulated oxygen consumption also led to upregulation of cytochrome oxidase activity in the rat prefrontal cortex and improved prefrontal cortex-based memory function [14] .
Furthermore, a few studies on animal models [19] and human infants [20, 21] have shown that the differential hemoglobin concentration correlated tightly with the change in regional cerebral blood flow (rCBF). Since a significant increase of differential hemoglobin concentration was consistently observed in this study, it is very likely that the single-session transcranial laser stimulation caused an increase of rCBF to the bilateral prefrontal cortices. In the future this conjecture needs to be verified using techniques that measure rCBF directly, such as diffuse correlation spectroscopy (DCS) [22] .
Previous fNIRS studies of human brain functions have demonstrated that neuronal activations can induce an increase of oxygenated hemoglobin concentration and a decrease of deoxygenated hemoglobin concentration [23] [24] [25] through neurovascular coupling [26, 27] , which describes the tight relationship between local neuronal activations and subsequent changes in rCBF to supply oxygen and nutrients to meet energy demand. Therefore the similar increase of oxygenated hemoglobin concentration and decrease of deoxygenated hemoglobin concentration observed in our results may suggest that this single transcranial laser stimulation session improves neuronal activities in the bilateral prefrontal cortices as well. This scenario agrees with two previous studies [8, 9] that reported the same laser irradiance to the forehead was able to improve prefrontal cortex-based cognitive and executive functions among healthy human participants.
In both experiments, the right and left prefrontal cortices showed approximately the same amplitudes in hemodynamic changes. Particularly for the second experiment, although the laser stimulation was administered on the right side, the evoked hemodynamic changes did not show any significant difference between the two sides. A possible interpretation of this phenomenon relies on the fact that interhemispheric cortical regions are functionally connected by commissural axons in the corpus callosum [28] [29] [30] . Therefore, laser-stimulated neuronal activations in one side of the prefrontal cortices could automatically trigger the neuronal activities on the other side, which subsequently resulted in the same amplitudes of hemodynamic changes on both sides.
Another important matter for evaluating whether transcranial laser stimulation may serve as an effective neuro-enhancement or clinical treatment is the duration of its effects. If the effects of transcranial laser stimulation were short-lasting, it would prove its limited use. In this study we used continuous-wave fNIRS to measure the relative changes of cerebral hemoglobin concentrations from an initial baseline; the participants were instructed to keep their bodies stable during the measurements to ensure the fNIRS data were reliable. For this reason we recorded for only a 6-minute recovery following the treatment as it would be difficult for the participants to hold on for longer time. The results showed that the effects of the treatment were persistent 6 minutes after the laser was turned off, much longer than the hemodynamic effects of transcranial magnetic stimulation that lasted for about only 1 minute according to our previous study [31] . This may be because while the transcranial electrical or magnetic interventions alter the excitability of neurons directly, the action of transcranial laser stimulation may rest on photobiomodulation of intracellular metabolism and hemodynamic processes that increase brain tissue oxygenation. These processes are slower than the excitability of neurons and linked to metabolic cascades, making the effects of transcranial laser stimulation sustained even after the laser was off.
Due to the limitation in continuous-wave fNIRS, the long-term duration of effects of transcranial laser stimulation remains unknown. Some previous studies have suggested the benefits could last for several weeks. For example, Barrett and Gonzalez-Lima [8] found a significant benefit as compared to the placebo group in positive and negative affective states in healthy volunteers two weeks after a single 8-minute laser stimulation as described here. Schiffer et al. [7] reported psychological benefits at 2 and 4 weeks after a single treatment in patients with anxiety and depression. Light power density (0.25 W/cm 2 ) and energy density (60 J/cm 2 ) used in these two studies were the same, but Schiffer et al. [7] used 810-nm LEDs instead of 1,064-nm laser. Naeser et al. [6] used similar LEDs in patients with mild traumatic brain injury for 18 treatments (three treatments per week for 6 weeks), and measured cognitive performance after one week, and 1 and 2 months after the 18th treatment. They found a significant linear trend for the effect of LED treatment over time for various cognitive tests. While these pioneering studies are promising, there are no placebo-controlled human studies investigating long-term neuronal or cognitive effects after single or repeated transcranial laser treatments.
In conclusion, near-infrared laser stimulation applied to the forehead can transcranially improve cerebral oxygenation in healthy humans. Ã Ã Indicate statistically non-zero changes at the group level (one-sample t-test, P < 0.01). For each participant and hemoglobin species, the data were averaged across all of the 16 non-baseline time points.
